Traumatic brain injury (TBI) is defined as an injury caused by a blow or jolt to the head or a penetrating head injury that disrupts the normal function of the brain.^[@bib1]^ TBI, which chiefly occurs because of traffic accidents, falls, or as a result of violence, is a leading cause of morbidity and mortality worldwide.^[@bib2],\ [@bib3]^ TBI induces primary damage, including hematomas, contusions, ischemia, and diffuse swelling, which results in neurological impairment. Primary damage can initiate secondary brain damage such as neurotransmitter release, oxidative stress, calcium-mediated damage, mitochondrial dysfunction, and inflammation, and thereby lead to cell death within a few days or weeks.^[@bib2],\ [@bib4]^

Glutamate is the major excitatory neurotransmitter in neuronal and glial cells of the mammalian central nervous system (CNS).^[@bib5]^ However, after TBI, glutamate increases to toxic levels, causing further damage and leading to 'glutamate excitotoxicity\'.^[@bib6]^ Glutamate can induce cortical neuron apoptosis through calcium overload-induced calpain activation.^[@bib7],\ [@bib8]^ In addition to damaging neurons, glutamate can damage glial cells, such as astrocytes and oligodendrocytes.^[@bib9]^ Astrocytes are the most abundant glial cells in the CNS and can transport nutrients, hold neurons, and participate in neurotransmission.^[@bib10]^ During brain injury, neuronal survival is strongly affected by the functions of astrocytes, such as glutamate uptake, release of glutamate, and the release of substrates for neuronal energy metabolism,^[@bib11]^ suggesting that the damage caused to astrocytes following TBI adversely affects patient outcomes. Therefore, devising a strategy to protect astrocytes from cell death after TBI is crucial.

Glycogen synthase kinase-3*β* (GSK-3*β*) is a serine/threonine kinase, the activation of which is indicated by phosphorylation at tyr216 or dephosphorylation at Ser9.^[@bib12]^ The functions of several metabolic, signaling, and structural proteins are regulated by GSK-3*β*,^[@bib12],\ [@bib13]^ indicating that GSK-3*β* has a central role in determining cell survival and apoptosis. GSK-3*β* is also involved in psychiatric and neurodegenerative diseases such as bipolar disorder, schizophrenia, and Alzheimer\'s disease.^[@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16]^ Overexpression of GSK-3*β* can induce apoptosis in neuron cells,^[@bib17]^ and GSK-3*β* can be activated by reactive oxygen species (ROS).^[@bib18]^ We previously demonstrated that cadmium induces autophagic cell death through the ROS/GSK-3*β* signaling pathway.^[@bib19]^ However, whether GSK-3*β* participates in TBI-induced cell death remains unclear.

Resveratrol (RV) (3,5,4′-trihydroxystilbene) is a polyphenol compound enriched in grape skin, red wine, and nuts, and acts as a powerful antioxidant.^[@bib20]^ RV exerts neuroprotective effects in neurodegenerative diseases such as Alzheimer\'s disease, Huntington\'s disease, and Parkinson\'s disease, and can protect the brain against damage induced by toxins and disease.^[@bib21]^ Administration of RV in gerbils with cerebral ischemic injury was reported to reduce neuronal cell death and glial cell activation.^[@bib22]^ However, the protective effect and mechanisms of RV after TBI require further examination.

The results of this study showed that the levels of microtubule-associated protein light chain 3 (LC3)-II and phospho-tyr216-GSK-3*β* increased in rat brains with TBI. To mimic the TBI model *in vitro*, we treated normal astrocytes, CTX TNA2 cells, with glutamate, which induced apoptotic and autophagic cell death by activating GSK-3*β*. The *in vitro* and *in vivo* TBI models revealed that RV treatment increased cell viability and reduced apoptosis and autophagy by suppressing ROS generation and GSK-3*β* activation. ROS activated GSK-3*β* and caused mitochondrial dysfunction including the opening of mitochondrial permeability transition pore (MPTP) and mitochondrial depolarization, which resulted in cytotoxicity of astrocytes. In summary, our results suggested that the administration of RV can serve as a strategy for treating patients with TBI.

Results
=======

Autophagy is induced after TBI in rats
--------------------------------------

To determine whether autophagy was induced after TBI, the rats were subjected to TBI, and the procession of the LC3-II protein, a hallmark of autophagy, was detected using immunoblotting. Compared with the level in a sham group, the LC3-II protein level in the damaged brain region increased from 0.5 to 4 h after TBI and subsequently decreased 24 h after TBI ([Figures 1a and b](#fig1){ref-type="fig"}). Furthermore, the level of phospho-Ser9-GSK-3*β* decreased from 0.5 to 24 h after TBI ([Figure 1c](#fig1){ref-type="fig"}), whereas the level of phospho-Tyr216-GSK-3*β* increased after 0.5 h ([Figure 1d](#fig1){ref-type="fig"}). These results indicated that TBI can induce autophagy and GSK-3*β* activation.

Glutamate treatment induces cell death in CTX TNA2 astrocytes
-------------------------------------------------------------

An *in vitro* TBI model was used to further analyze the mechanism of TBI-induced cell death. On the basis of the glutamate concentrations used by Karmarkar *et al.*,^[@bib23]^ CTX TNA2 cells were treated with 0--10 mM glutamate for 48 h and then observed using a reverse-phase microscope. Glutamate treatment reduced the cell numbers and caused cell shrinkage ([Figure 2a](#fig2){ref-type="fig"}). Moreover, the results of MTT assay and lactate dehydrogenase (LDH) release assay revealed that cell viability decreased ([Figure 2b](#fig2){ref-type="fig"}) and cytotoxicity increased ([Figure 2c](#fig2){ref-type="fig"}), respectively, in a dose-dependent manner. The IC~50~ of glutamate was calculated to be 8.2 mM, based on the data of the MTT assay. Therefore, we mainly used a dose of 8 mM glutamate in this study. When cells were treated with 8 mM glutamate for 0--48 h, cell numbers and viability decreased over time ([Supplementary Figures 1a and b](#sup1){ref-type="supplementary-material"}), whereas the ratio of LDH release increased ([Supplementary Figure 1c](#sup1){ref-type="supplementary-material"}), suggesting that glutamate induced cytotoxicity in a time-dependent manner. We subsequently investigated the mode of cell death by using flow cytometry with annexin V/propidium iodide (PI) staining. The percentage of cells undergoing apoptosis (but not necrosis) increased after treatment with 0--10 mM glutamate ([Figure 2d](#fig2){ref-type="fig"}), and the pro-form of poly (ADP-ribose) polymerase (PARP) protein decreased ([Figure 2e](#fig2){ref-type="fig"}), as detected by immunoblotting. The time course experiments also indicated that glutamate treatment induces apoptosis ([Figures 2f and g](#fig2){ref-type="fig"}). The data indicated that glutamate induces cytotoxicity of CTX TNA2 astrocyte cells by triggering apoptosis in the dose- and time-dependent manners.

Glutamate-induced autophagy results in cell death
-------------------------------------------------

Autophagy is defined as type II programmed cell death. Therefore, to investigate whether glutamate can induce autophagy, the amount of acidic vesicular organelles (AVOs) was quantified using acridine orange staining on a flow cytometer. As shown in [Figures 3a and b](#fig3){ref-type="fig"}, the percentage of cells undergoing autophagy increased in the dose- and time-dependent manners. In addition, the LC3-II protein increased with the glutamate dosage and time course ([Figure 3c](#fig3){ref-type="fig"}). To further verify that LC3-II accumulation was caused by autophagy induction, autophagic flux was monitored using an LC3 turnover assay.^[@bib24],\ [@bib25]^ The presence of the lysosomal inhibitor bafilomycin A1 (BAF) resulted in LC3-II accumulation. As shown in [Figure 3d](#fig3){ref-type="fig"}, treatment with 8 mM glutamate and 2 nM BAF for 24 h led to greater LC3-II accumulation than did glutamate treatment alone. The autophagic substrate protein p62/SQSTM1 is also used as a marker of autophagic flux.^[@bib26]^ As shown in [Figure 3e](#fig3){ref-type="fig"}, the level of p62 decreased from 6 to 48 h after glutamate treatment, suggesting that glutamate treatment causes autophagy induction in CTX TNA2 cells. Moreover, pharmacological inhibition of autophagy by 3-methyladenine (3-MA) ([Figure 4a](#fig4){ref-type="fig"}) resulted in a reduction in apoptosis ([Figure 4b](#fig4){ref-type="fig"}) and an increase in cell numbers ([Figure 4c](#fig4){ref-type="fig"}) and cell viability ([Figure 4d](#fig4){ref-type="fig"}). The LDH release assay also indicated that cytotoxicity was diminished when cells were treated with both glutamate and 3-MA ([Figure 4e](#fig4){ref-type="fig"}), indicating that glutamate-induced autophagy leads to cell death. These results suggested that glutamate-induced autophagy caused CTX TNA2 cell death and may be related to apoptosis.

Glutamate treatment activates GSK-3*β* to induce cell death
-----------------------------------------------------------

The involvement of GSK-3*β* in glutamate-induced cytotoxicity was examined. As shown in [Figure 5a](#fig5){ref-type="fig"}, after 8 mM glutamate treatment, the levels of phospho-tyr216-GSK-3*β* and phospho-ser9-GSK-3*β* increased and decreased over time, respectively. The GSK-3*β* inhibitor, SB216763, was used to examine whether GSK-3*β* has a role in glutamate-induced cytotoxicity. When cells were exposed to both glutamate and SB216763, the cell numbers increased ([Figure 5b](#fig5){ref-type="fig"}) through suppressing glutamate-induced autophagy and apoptosis ([Figure 5c](#fig5){ref-type="fig"}), and thus cell viability increased ([Figure 5d](#fig5){ref-type="fig"}), leading to a reduced cytotoxicity ([Figure 5e](#fig5){ref-type="fig"}). The data from immunoblotting verified these results ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). These results indicated that glutamate induces autophagy and apoptosis through GSK-3*β* activation in astrocytes. To further investigate the function of GSK-3*β*, CTX TNA2 cells were transfected with small-interfering RNAs (siRNAs) to knockdown GSK-3*β* expression ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}); using the siRNAs at 100 nM effectively knocked down protein expression. The siRNA of GSK-3*β* reduced the percentages of cells undergoing autophagy and apoptosis ([Figure 5f](#fig5){ref-type="fig"}) and increased cell survival ([Figure 5g](#fig5){ref-type="fig"}). Conversely, overexpression of GSK-3*β* by transfection of the GSK-3*β*-S9A dominant active plasmid further increased glutamate-induced autophagy and apoptosis ([Figure 5h](#fig5){ref-type="fig"}) and reduced cell viability ([Figure 5i](#fig5){ref-type="fig"}). These results revealed that GSK-3*β* activation participates in glutamate-induced autophagic and apoptotic cell death.

RV protects astrocytes against glutamate-induced cytotoxicity by inhibiting ROS accumulation
--------------------------------------------------------------------------------------------

To determine whether RV can protect astrocyte cells from glutamate excitotoxicity, 1--5 *μ*M RV was combined with glutamate for 48 h and the effects on cell morphology and viability were examined. RV treatment increased cell numbers ([Figure 6a](#fig6){ref-type="fig"}) and cell viability ([Figure 6b](#fig6){ref-type="fig"}) and, in parallel, lowered the percentage of LDH release ([Figure 6c](#fig6){ref-type="fig"}), as a result of the suppression of glutamate-induced autophagy and apoptosis ([Figure 6d](#fig6){ref-type="fig"}). Furthermore, LC3 processing and PARP cleavage were decreased following treatment with 5 *μ*M RV *in vitro* ([Figure 6e](#fig6){ref-type="fig"}) and 100 mg/kg of RV *in vivo* ([Figure 6f](#fig6){ref-type="fig"}). These results indicated that RV can protect astrocytes against glutamate-induced cell death by inhibiting autophagy and apoptosis.

Because ROS function upstream of GSK-3*β*, we examined the relationship between ROS and GSK-3*β* in glutamate-induced cytotoxicity. As shown in [Figure 7](#fig7){ref-type="fig"}, after cells were exposed to 8 mM glutamate, the levels of ROS, including superoxide anion (O~2~^•−^), hydrogen peroxide (H~2~O~2~), and mitochondrial hydrogen peroxide (mtH~2~O~2~), increased significantly within 6 h ([Figures 7a--c](#fig7){ref-type="fig"}) and were then sustained up to 48 h in the case of O~2~^•−^ and H~2~O~2~ and up to 24 h in the case of mtH~2~O~2~. The addition of 5 *μ*M RV for 24 h suppressed the glutamate-triggered ROS bursts ([Figure 7d](#fig7){ref-type="fig"}). Moreover, RV treatment reduced the phosphorylation of GSK-3*β* at Typ-216 and increased the phosphorylation of GSK-3*β* at Ser9 *in vitro* ([Figure 7e](#fig7){ref-type="fig"}) and *in vivo* ([Figure 7f](#fig7){ref-type="fig"}). These results suggested that the generation of ROS following glutamate treatment can induce GSK-3*β* activation. In parallel experiments, we used another antioxidant, vitamin C, to confirm the effect of RV. Adding 5--50 *μ*M vitamin C with glutamate increased cell viability ([Supplementary Figure 4a](#sup1){ref-type="supplementary-material"}) and reduced autophagy and apoptosis ([Supplementary Figures 4b and c](#sup1){ref-type="supplementary-material"}) by suppressing ROS generation ([Supplementary Figure 4d](#sup1){ref-type="supplementary-material"}). These results suggested that antioxidants such as RV and vitamin C reduce cell death by inhibiting glutamate-induced ROS generation and GSK-3*β* activation in normal astrocytes.

Glutamate induces mitochondrial damage-mediated cell death, which is reduced by RV
----------------------------------------------------------------------------------

To investigate the role of GSK-3*β* in glutamate-induced mitochondrial damage, we analyzed the characteristics of mitochondrial damage. As shown in [Figures 8a and b](#fig8){ref-type="fig"}, MPTP opening and mitochondrial depolarization were observed from 24 h after glutamate treatment and were sustained up to 48 h, and these effects were reversed by an MPTP inhibitor, cyclosporine A (CsA) ([Figures 8c and d](#fig8){ref-type="fig"}), and RV and SB216763 ([Figures 8e and f](#fig8){ref-type="fig"}), respectively. Furthermore, vitamin C suppressed the activation of GSK-3*β* ([Supplementary Figure 5a](#sup1){ref-type="supplementary-material"}) and mitochondrial damage ([Supplementary Figures 5b](#sup1){ref-type="supplementary-material"} and c). These results suggested that glutamate causes mitochondrial damage through the ROS/GSK-3*β* pathway. To determine the role of mitochondrial damage in glutamate-induced cell death, the morphology and survival of cells were evaluated using light microscopy and MTT assay, respectively. Combined treatment with CsA and glutamate increased cell numbers ([Figure 8g](#fig8){ref-type="fig"}) and cell viability ([Figure 8h](#fig8){ref-type="fig"}) relative to glutamate treatment alone, and reduced glutamate-induced autophagy and apoptosis ([Figure 8i](#fig8){ref-type="fig"}); consequently, glutamate-induced cytotoxicity was decreased, as shown by the LDH release assay ([Figure 8j](#fig8){ref-type="fig"}). These results demonstrated that ROS/GSK-3*β*-mediated mitochondrial damage participated in glutamate-induced cytotoxicity.

Discussion
==========

The excitatory amino acid, glutamate, induces secondary injuries and leads to the excitotoxicity in neuronal and glial cells.^[@bib9]^ In this study, normal astrocytes CTX TNA2 cells were administrated with glutamate to mimic TBI *in vitro*. Our results showed that glutamate can induce excitotoxicity in astrocytes. Glutamate-induced neuronal apoptosis may be dependent on calcium overload, ER stress induction, and ROS generation.^[@bib7],\ [@bib11],\ [@bib27]^ Except for apoptosis, recent studies have indicated that autophagy is linked to TBI.^[@bib28]^ Moreover, autophagic cell death was induced in glutamate-mediated neurotoxicity and in experimental spinal cord injury (SCI).^[@bib29],\ [@bib30],\ [@bib31]^ Here, we have shown for the first time that TBI-induced cytotoxicity in astrocytes occurs through autophagic and apoptotic cell death *in vivo* and *in vitro*. Although apoptosis and autophagy are classed as type I and type II programmed cell death, respectively, numerous studies have addressed the relationship between autophagy and apoptosis. For example, autophagy was reported to be involved in TBI-induced apoptosis.^[@bib32]^ Our results showed that inhibition of autophagy by 3-MA reduced glutamate-induced apoptosis ([Figure 4](#fig4){ref-type="fig"}), suggesting that autophagy is required for inducing apoptosis during TBI. However, the relationship between glutamate-induced autophagy and apoptosis requires further investigation.

The reduction of cell death during TBI, especially in secondary brain damage, is a crucial clinical issue. ROS are generated after injury, and leads to neuronal cell death.^[@bib9]^ Antioxidants such as edaravone and schizandrin can protect neurons against glutamate-induced necrosis and apoptosis, respectively.^[@bib33],\ [@bib34]^ Similar to these studies, we demonstrated that ROS, including intracellular O~2~^•−^, H~2~O~2~, and mtH~2~O~2~, were generated after glutamate treatment. Addition of RV and vitamin C suppressed the production of these ROS and thereby reduced cell death ([Figures 6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}). Previous studies have also shown that RV can reduce the area of tissue lesions in rats with TBI and promote neuronal function in rats after SCI because of the anti-oxidative effect. Therefore, antioxidants such as RV have a protective role after TBI.^[@bib35],\ [@bib36]^

In this study, experiments using *in vivo* and *in vitro* TBI models showed that RV diminishes both autophagic and apoptotic cell death. The study of Armour *et al.*^[@bib37]^ indicated that nutrient starvation- and rapamycin-induced autophagy in NIH/3T3 cells or HEK293 cells can be attenuated by RV treatment. Another study demonstrated that combination of rapamycin and RV blocks rapamycin-induced autophagy but promotes apoptosis in TSC2-deficient cells.^[@bib38]^ By contrast, RV can induce protective autophagy to counter the prion protein peptides-induced neurotoxicity.^[@bib39]^ Moreover, RV was reported to protect H9c2 cells derived from embryonic rat hearts against H~2~O~2~-induced apoptosis,^[@bib40]^ and attenuate vascular endothelial inflammation by inducing autophagy.^[@bib41]^ Therefore, the effect of RV on autophagy might depend on the environment or the stimuli and on the cell type.

Studies conducted using numerous models have indicated that GSK-3*β* activation has a crucial role in neuronal apoptosis and neurodegenerative diseases.^[@bib42],\ [@bib43]^ In this study, we demonstrated that glutamate-induced ROS bursts activate GSK-3*β*, which triggers autophagy and apoptosis in normal astrocytes. GSK-3*β* may induce apoptosis through mitochondrial dysfunction. For example, treatment of neuron cells with 1-methyl-4-phenylpyridinium iodide (MPP^+^) induces GSK-3*β*-mediated mitochondrial depolarization and subsequent caspase 9-dependent cell death.^[@bib44]^ Conversely, inhibition of GSK-3*β* by SB216763 or hydrogen sulfide may protect cardiomyocytes against apoptosis through inhibiting the opening of MPTP.^[@bib45],\ [@bib46]^ Our results showed that SB216763 treatment increases the viability of glutamate-treated astrocytes by reducing apoptosis and autophagy, which indicates that GSK-3*β* activation induces not only apoptosis, but also autophagy. Previously, we demonstrated that cadmium also activated the GSK-3*β*-mediated autophagic cell death pathway.^[@bib19]^ In lung epithelial cells, autophagy was also suppressed upon inhibition of GSK-3*β* by interleukin-17A, which promoted the association of BCL2 and BECN1.^[@bib47]^ However, Parr *et al.*^[@bib48]^ showed that inhibition of GSK-3 induces the lysosomal/autophagy pathway to degrade the amyloid precursor protein. Therefore, how GSK-3*β* regulates autophagy remains unresolved.

Previous studies have indicated that, depending on the concentration used, RV exerts opposite effects on GSK-3*β* activation. Using RV at low concentrations (1--10 *μ*M) leads to the phosphorylation at Ser9 site to inhibit GSK-3*β*, whereas adding RV at 20 *μ*M activates GSK-3*β* to regulate angiogenesis in human umbilical vein endothelial cells,^[@bib49]^ and treatment with \>50 *μ*M RV inhibit the phosphorylation of GSK-3*β* to basal levels in MCF-7 cells.^[@bib50]^ Shin *et al.*^[@bib51]^ showed that RV protects arachidonic acid/iron-treated hepatocytes against oxidative stress-mediated mitochondrial dysfunction and apoptosis through inhibiting GSK-3*β*. In this study, low concentrations of RV (1--5 *μ*M) reduces GSK-3*β* activation and mitochondrial damage and thereby diminished glutamate-induced cytotoxicity ([Figures 6](#fig6){ref-type="fig"} and [8](#fig8){ref-type="fig"}). RV treatment also provides neuroprotection by inactivating GSK-3*β* in an Alzheimer\'s disease transgenic mouse model and in oxygen-glucose deprivation-treated organotypic hippocampal slice cultures.^[@bib52],\ [@bib53]^ Therefore, inhibition of GSK-3*β* by RV might reduce glutamate excitotoxicity, which raises the possibility of using RV in clinical therapies developed for patients with TBI.

In conclusion, treating CTX TNA2 astrocytes with glutamate to imitate the brain condition after TBI showed that glutamate induces ROS/GSK-3*β*-dependent mitochondrial damage, including mitochondrial depolarization and MPTP opening, and leads to autophagic and apoptotic cell death in astrocytes. RV, an antioxidant, improved cell survival by inhibiting ROS-mediated GSK-3*β* activation *in vivo* and *in vitro*. Therefore, we propose that administering RV might serve as a strategy for clinical treatment of patients with TBI.

Materials and Methods
=====================

Reagents and antibodies
-----------------------

DMEM media and supplements were purchased from Hyclone (Logan, UT, USA). CsA and 3-(4,5-dimethyl-2-thiazolyl)-2,5-dimethyl-2H-tetrazolium bromide (MTT) were purchased from Merck (Darmstadt, Germany). Acridine orange, 3-MA, CoCl~2~, SB216763, and 5,5′,6,6′,-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) were purchased from Sigma (St. Louis, MO, USA), and 2,7-dihydrodichlorofluorescein diacetate (DCFH-DA), dihydroethidium (HEt), and dihydrorhodamine 123 (DHR123) were purchased from Molecular Probes (Eugene, OR, USA). A protease inhibitor cocktail was purchased from Roche (Boehringer Mannheim, Germany). Polyvinylidene difluoride (PVDF) membrane was purchased from Millipore (Bedford, MA, USA). Protein Assay Dye Reagent was obtained from Bio-Rad Laboratories (Hercules, CA, USA). The phenol red-free RPMI 1640 medium, penicillin/streptomycin, sodium pyruvate, calcein AM, Hank\'s balanced salt solution (containing calcium) (HBSS/Ca), and 10-N-nonyl-acridine orange were purchased from Invitrogen (Carlsbad, CA, USA). Annexin V was obtained from Biovision (Mountain View, CA, USA). PI was purchased from Calbiochem (San Diego, CA, USA). Anti-LC3 antibody was purchased from NOVUS (Littleton, CO, USA). Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH), p-Ser9-GSK-3*β*, GSK-3*β*, GAPDH, and PARP antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Anti-p-tyr279/216- GSK-3*β* antibody was purchased from Millipore (Billerica, MA, USA). An anti-SQSTM1 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The secondary antibodies, including horseradish peroxidase (HRP)-conjugated goat anti-mouse and anti-rabbit IgG, were purchased from Jackson ImmunoResearch (West Pine, PA, USA). The GSK-3*β*-S9A (dominant active) plasmid was purchased from Addgene (Cambridge, MA, USA).

TBI model
---------

Adult male Sprague-Dawley rats were purchased from BioLASCO Taiwan Co. Ltd. (Taipei, Taiwan) and were maintained in a temperature-regulated room (21--23 °C) on a 12/12 h light/dark cycle. All procedures complied with the *Guide for the Care and Use of the Laboratory Animals* published by the National Institutes of Health and were approved by the University Laboratory Animal Care and Use Committee of Taipei Medical University. The animals were anesthetized using intraperitoneal injections of Zoletil 50 (Tiletamine hydrochloride and Zolazepam hydrochloride, 50 mg/ml/kg; VIRBAC Laboratories, Carros, France) and Rompun (Xylazine, 20 mg/ml/kg; Bayer AG, Leverkusen, Germany). TBI was induced at the left cortex by using a TBI 0310 Impactor with a 5 mm impactor tip at a velocity of 5 m/s and a depth of 2 mm for 500 ms dwell time) (Precision Systems and Instrumentation, LLC, Fairfax, VA, USA). The impact head was centered on the left cortex with its edge 1 mm away (the closest distance) from the longitudinal suture and the coronal suture, respectively. The animals were anesthetized and sacrificed at 30 min and 1, 4, and 24 h after TBI (*n*=3/group). In other cases, the animals received TBI and an immediate application of vehicle or RV (100 mg/kg) (*n*=3/group) and were then sacrificed 4 h after TBI. The injured brain region and the intact brain region on the contralateral side were collected, and proteins were extracted for immunoblotting.

Cell culture
------------

The rat astrocyte CTX TNA2 cell line was purchased from American Type Culture Collection (Manassas, VA, USA). Type 1 astrocytes obtained from the frontal cortex tissue of 1-day-old Sprague-Dawley rats were transformed by SV40 to establish the CTX TNA2 cell line. CTX TNA2 cells were maintained in DMEM and supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100 *μ*g/ml streptomycin, 1 mM sodium pyruvate, and 1 mM nonessential amino acids at 37 °C in a 5% CO~2~ incubator.

Cell viability assay
--------------------

Cells were seeded in 96-well plates at a density of 8 × 10^3^ cells/well for 24 h and then subjected to various treatments for the specified periods. Before the end of the treatments, 0.5 mg/ml MTT was added to each well for 4 h. The supernatants were carefully aspirated, and the formazan crystals were dissolved in DMSO. Absorbance was measured at 550 nm by using a Thermo Varioskan Flash reader.

LDH release assay
-----------------

U87 MG cells were seeded in 96-well plates for 24 h and then subjected to various treatments for the indicated periods. At the end of the treatments, cell morphology was examined and the cells were photographed using an inverted light microscope (Nikon Eclipse TS 100, Nikon Corporation, Tokyo, Japan). LDH release was measured using a CytoTox 96 Non-Radioactive Cytotoxicity Assay Kit (Promega, Madison, WI, USA) according to the manufacturer\'s protocol. LDH release induced by the lysis buffer supplied by the manufacturer was set at 100%.

Detection of AVOs
-----------------

Autophagy is characterized by the formation and promotion of AVOs.^[@bib54]^ Flow cytometry with acridine orange staining was used to detect and quantify the AVOs. In acridine orange-stained cells, the cytoplasm and nucleus fluoresce bright green and dim red, whereas acidic compartments fluoresce bright red, as described in a previous study.^[@bib54]^ Therefore, a change in the intensity of the red fluorescence can be measured to estimate the percentage of their cellular acidic compartment. After treatment with various reagents, 1 × 10^5^ cells were collected in the phenol red-free RPMI 1640 medium. The green (FL-1) and red (FL-3) fluorescence of acridine orange were measured using a flow cytometer with the use of CellQuest software (Becton Dickinson, San Jose, CA, USA). The sum of the upper-left and upper-right quadrants of the cytogram was used to estimate the percentage of cells undergoing autophagy.

Detection of apoptosis
----------------------

Apoptosis was analyzed using flow cytometry with annexin V/PI double-staining for the detection of membrane events.^[@bib55]^ In brief, after treatment with various drugs, whole cells were collected in a HEPES buffer containing 10 mM HEPES (pH 7.4), 140 mM NaCl, and 2.5 mM CaCl~2~. The cells were subsequently stained with annexin V (2.5 *μ*g/ml) and PI (2 ng/ml) for 20 min and then analyzed on a flow cytometer by using the CellQuest software. The cytogram of the four quadrants was used to distinguish normal (annexin V^−^/PI^−^), early apoptotic (annexin V^+^/PI^−^), late apoptotic (annexin V^+^/PI^+^), and necrotic cells (annexin V^−^/PI^+^). The sum of the early and late apoptotic cells represented the total apoptosis.

Measurement of ROS
------------------

The intracellular levels of H~2~O~2~ and O~2~^•−^ were detected using the probes DCFH-DA and HEt, respectively. DCFH-DA and HEt were oxidized by H~2~O~2~ and O~2~^•−^ and subsequently emitted green and red fluorescence, respectively. The DHR123 probe can enter the mitochondria, and the green fluorescence represents the mitochondrial H~2~O~2~ level.^[@bib56]^ Glioma cells were collected at specified time points after various treatments. After trypsinization, the cells were resuspended with PBS and stained with 10 *μ*M DCFH-DA, 5 *μ*M HEt, or 5 *μ*M DHR123 for 30 min at 37 °C in the dark. Fluorescence was measured on a flow cytometer by using the CellQuest software. The percentage of increase in fluorescence peaks was used to estimate the level of ROS production.

Measurement of ΔΨm
------------------

JC-1, a lipophilic cationic fluorescence dye with the ability to enter mitochondria, was used as an indicator of mitochondrial membrane potential (ΔΨm).^[@bib57]^ After treatment with glutamate, cells were stained with 5 *μ*g/ml JC-1 for 30 min at 37 °C in the dark. The cells were trypsinized and collected in 0.5 ml PBS, and the fluorescence of JC-1 was detected using a flow cytometer. The percentage of the upper-left quadrant was regarded as cells with normal ΔΨm.

Detection of the MPTP opening
-----------------------------

The opening of MPTP was examined using calcein AM staining combined with CoCl~2~ to detect the mitochondrial calcein fluorescence.^[@bib58]^ Calcein AM freely passes through the cellular membrane, and the esterases cleave the acetomethoxy group to yield the fluorescent calcein, which is trapped inside the cells. Co-loading of cells with CoCl~2~ quenches the fluorescence in the cells except that in the mitochondria because CoCl~2~ cannot cross the mitochondrial membrane. Therefore, when MPTP opens, the mitochondrial calcein is also quenched by CoCl~2~, which results in a reduction in fluorescence. At the end of treatments, cells were trypsinized and incubated at 37 °C in 1 ml HBSS/Ca with 1 *μ*M calcein AM and 5 mM CoCl~2~ for 20 min. After incubation, mitochondrial calcein fluorescence was measured using flow cytometry.

Immunoblotting
--------------

Cells were lysed using a lysis buffer (25 mM HEPES, 1.5% Triton X-100, 0.1% SDS, 0.5 M NaCl, 5 mM EDTA, and 0.1 mM sodium deoxycholate) containing a protease inhibitor cocktail. The concentrations of protein in total cellular extracts were measured using a Bio-Rad protein assay dye reagent, and equal amounts of proteins from each group were separated using SDS-PAGE and then transferred to PVDF membranes. Membranes were incubated with a 5% skim milk solution (blocking solution) for 1 h, and subsequently incubated with the indicated primary antibodies at 4 °C for 16 h. Membranes were probed with appropriate HRP-conjugated secondary antibodies for 1 h at room temperature. Immunoreactive proteins were detected by incubating the membranes with an enhanced chemiluminescence reagent (SuperSignal West Pico Chemiluminescent Substrate, Pierce Biotechnology, Rockford, IL, USA) and subsequently exposed to X-ray films (FUJIFILM Corporation, Tokyo, Japan). The densities of bands were determined using the Gel-Pro Analyzer densitometry software (Media Cybernetics, Silver Spring, MD, USA).

Knockdown of GSK-3*β*
---------------------

CTX TNA2 cells were transfected with siRNA by using Lipofectamine RNAimax reagent (Invitrogen, San Diego, CA, USA) according to the manufacturer\'s instructions. In brief, the cells were incubated with the Lipofectamine RNAimax reagent and 100 nM siRNAs for 6 h; the medium was then replaced with fresh medium, and the cells were incubated for a further 42 h. The transfected cells were treated with 8 mM glutamate for 48 h and analyzed as indicated in the experiments. Silencer validated siRNAs targeting GSK-3*β* (sense siRNA strand, 5′-GGACAAGCGAUUUAAGAACTT-3′ antisense siRNA strand, 5′-GUUCUUAAAUCGCUUGUCCTG-3′) and control siRNA (Cat. No. 12935-300) were obtained from Invitrogen.

Overexpression of GSK-3*β*
--------------------------

CTX TNA2 cells were seeded into six-well plates and transfected with 2 *μ*g pcDNA3 or GSK-3*β*-S9A dominant active plasmid by using the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer\'s protocol. After transfection, cells were treated with 8 mM glutamate for 48 h, and cell viability and the percentages of cells undergoing autophagy and apoptosis were determined.

Statistical analysis
--------------------

Data are presented as mean±S.E.M. Statistical analysis was performed using Student\'s *t*-test (for two groups) or using a one-way analysis of variance (ANOVA) followed by Duncan\'s multiple-range test (for three or more groups). A *P-*value \<0.05 was considered statistically significant.
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GSK-3*β*

:   glycogen synthase kinase-3*β*

H~2~O~2~

:   hydrogen peroxide

HEt

:   dihydroethidium

LC3

:   microtubule-associated protein light chain 3

LDH

:   lactate dehydrogenase

mtH~2~O~2~

:   mitochondrial hydrogen peroxide

MPTP

:   mitochondrial permeability transition pore

O~2~^−^

:   superoxide anion

PARP

:   poly (ADP-ribose) polymerase

ROS

:   reactive oxygen species

RV

:   resveratrol

TBI

:   traumatic brain injury
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![TBI induces autophagy and the activation of GSK-3*β* in rat brains. (**a**) Immunoblotting analysis of GSK-3*β* as a function of time after TBI. Rat brains were removed after a specified time. Protein was extracted and analyzed using immunoblotting with anti-LC3, anti-p-ser9-GSK-3*β*, anti-p- tyr216-GSK-3*β*, anti-t-GSK-3*β*, and anti-GAPDH antibodies. GAPDH and t-GSK-3*β* were used as internal controls to normalize the amount of proteins. (**b**--**d**) The statistical results are presented as mean±S.E.M. (*n*=3/group). \**P*\<0.05, \*\**P*\<0.01 *versus* the respective control, one-way ANOVA](cddis2014123f1){#fig1}

![Glutamate reduces cell viability and induces apoptosis in the dose- and time-dependent manners. CTX TNA2 cells were treated with 0--10 mM glutamate for 48 h (**a**--**e**) or 8 mM glutamate for 0--48 h (**f** and **g**) in time course experiments. (**a**) The morphology of cells was examined and cells were photographed using a reverse-phase microscope. Scale bar, 100 *μ*m. Cell viability and cytotoxicity were analyzed using the MTT assay (**b**) and the LDH release assay (**c**), respectively. (**d** and **f**) The modes of cell death were analyzed using flow cytometry with annexin V/PI staining. (**e** and **g**) Cell lysates (30 *μ*g/lane) were analyzed using immunoblotting with anti-PARP and anti-GAPDH antibodies. GAPDH was used as an internal control to normalize the amount of proteins applied in each lane. Data are presented as mean±S.E.M (*n*=3/group, or 6/group in the MTT assay). \**P*\<0.05, \*\**P*\<0.01 *versus* respective controls, one-way ANOVA](cddis2014123f2){#fig2}

![Glutamate induces autophagy in astrocytes in the dose- and time-dependent manners. (**a** and **b**) Cells were treated as described in the legend of [Figures 2a and b](#fig2){ref-type="fig"}. The percentages of AVOs were analyzed using flow cytometry with acridine orange staining. (**c**) CTX TNA2 cell lysates (30 *μ*g/lane) were analyzed using immunoblotting with anti-LC3 and anti-GAPDH antibodies. (**d**) CTX TNA2 cells were treated with 2 nM BAF and 8 mM glutamate for 24 h, and cell lysates were analyzed using immunoblotting. (**e**) The p62 protein level was analyzed using immunoblotting. GAPDH was used as an internal control to normalize the amount of proteins applied in each lane. Glu, glutamate. Data are presented as mean±S.E.M. (*n*=3/group). \**P*\<0.05, \*\**P*\<0.01 *versus* the respective control; ^\#\#^*P*\<0.01 *versus* the glutamate group, one-way ANOVA](cddis2014123f3){#fig3}

![Glutamate-induced autophagy leads to cell death. CTX TNA2 cells were pretreated with 1 mM 3-MA for 1 h, and 8 mM glutamate was subsequently added for another 48 h. The percentages of cells undergoing autophagy (**a**) and apoptosis (**b**) were measured as described in Materials and Methods. (**c**) The morphology of cells was examined and the cells were photographed using a reverse-phase microscope. Scale bar, 100 *μ*m. Cell viability and cytotoxicity were analyzed using the MTT assay (**d**) and the LDH release assay (**e**), respectively. Glu, glutamate. Data are presented as mean±S.E.M. (*n*=3/group, or 6/group in the MTT assay). \*\**P*\<0.01, Student\'s *t*-test](cddis2014123f4){#fig4}

![Activation of GSK-3*β* contributes to glutamate-induced cell death. (**a**) CTX TNA2 cells were treated with 8 mM glutamate for 0--48 h and cell lysates (30 *μ*g/lane) were then analyzed using immunoblotting with anti-p-tyr216-GSK-3*β*, anti-p-Ser9-GSK-3*β*, and anti-t-GSK-3*β* antibodies. T-GSK-3*β* was used as an internal control to normalize the amount of proteins. (**b**--**e**) Cells were pretreated with 10--40 *μ*M SB216763 for 1 h and then treated with glutamate for 48 h. (**b**) The morphology of cells was examined and the cells were photographed using a reverse-phase microscope. Scale bar, 100 *μ*m. (**c**) The percentages of cells undergoing autophagy and apoptosis were measured as described in Materials and Methods. Cell viability and cytotoxicity were analyzed using the MTT assay (**d**) and the LDH release assay (**e**), respectively. (**f** and **g**) Cells were transfected with 100 nM control siRNA or GSK-3*β* siRNA for 48 h and then treated with 8 mM glutamate for another 48 h to determine the percentages of cells undergoing autophagy and apoptosis (**f**) and the cell viability (**g**). (**h** and **i**) Cells were transfected with 2 *μ*g pcDNA3 or GSK-3*β*-S9A dominant active plasmid for 48 h and then treated with 8 mM glutamate for another 48 h to determine autophagy and apoptosis (**h**) and the cell viability (**i**). SB, SB216763; Glu, glutamate. Data are presented as mean±S.E.M. (*n*=3/group; 6/group in the MTT assay). \**P*\<0.05, \*\**P*\<0.01 *versus* respective controls. ^\#^*P*\<0.05, ^\#\#^*P*\<0.01 *versus* each respective glutamate group, one-way ANOVA](cddis2014123f5){#fig5}

![RV reduces glutamate-induced cytotoxicity. (**a**--**d**) CTX TNA2 cells were treated with or without 1--5 *μ*M RV for 1 h and then treated with 8 mM glutamate for another 48 h. (**a**) The morphology of cells was examined and the cells were photographed using a reverse-phase microscope. Scale bar, 100 *μ*m. Cell viability and cytotoxicity were analyzed using the MTT assay (**b**) and the LDH release assay (**c**), respectively. (**d**) Autophagy and apoptosis were evaluated as described in Materials and Methods. (**e** and **f**) U87 MG cells were treated with 5 *μ*M RV and 8 mM glutamate for 48 h (**e**). RV (100 mg/kg) was administered for 6 h to rats with TBI (**f**). Proteins extracted were then analyzed using immunoblotting with anti-PARP, anti-LC3, and anti-GAPDH antibodies. GAPDH was used as an internal control to normalize the amount of proteins applied in each lane. Glu, glutamate. Data are presented as mean±S.E.M (*n*=3/group; 6/group in the MTT assay). \**P*\<0.05, \*\**P*\<0.01 *versus* each respective glutamate group. ^\#\#^*P*\<0.01 *versus* the TBI group, one-way ANOVA](cddis2014123f6){#fig6}

![Glutamate increases ROS generation, which induces GSK-3*β* activation. (**a--c**) CTX TNA2 cells were treated with 8 mM glutamate for various periods. The levels of O~2~^•−^, cytosolic H~2~O~2~, and mtH~2~O~2~ were analyzed using a flow cytometer with HEt (**a**), DCFH-DA (**b**), and DHR123 (**c**) staining, respectively. (**d**) Cells were pretreated with or without 5 *μ*M RV for 1 h and then incubated with 8 mM glutamate for 24 h; the ROS levels were subsequently analyzed. (**e** and **f**) Proteins extracted from U87 MG cells (**e**) or rat brain tissues (**f**) were analyzed using immunoblotting with the indicated antibodies. Glu, glutamate. Data are presented as mean±S.E.M. (*n*=3/group). \**P*\<0.05, \*\**P*\<0.01 *versus* each respective control. ^\#^*P*\<0.05, ^\#\#^*P*\<0.01 *versus* each respective glutamate group, one-way ANOVA](cddis2014123f7){#fig7}

![GSK-3*β* activation induces mitochondrial dysfunction, which results in cell death. (**a** and **b**) CTX TNA2 cells were treated with 8 mM glutamate for 0--48 h. The opening of MPTP (**a**) and the mitochondrial membrane potential (**b**) were measured using flow cytometry with calcein AM/CoCl~2~ and JC-1 staining, respectively. Cells were pretreated with 1 *μ*M CsA (**c** and **d**), 5 *μ*M RV, or 40 *μ*M SB216763 (**e** and **f**) for 1 h, and then treated with 8 mM glutamate for another 48 h, after which MPTP opening (**c** and **e**) and the mitochondrial membrane potential (**d** and **f**) were measured. (**g**--**j**) Cells treated with 1 *μ*M CsA and 8 mM glutamate were examined and photographed using a reverse-phase microscope (**g**), and cell viability was analyzed using the MTT assay (**h**). Scale bar, 100 *μ*m. The percentages of cells undergoing autophagy and apoptosis and cell cytotoxicity were measured using flow cytometry with acridine orange and annexin V/PI staining (**i**) and the LDH release assay (**j**), respectively. Glu, glutamate; SB, SB216763. Data are presented as mean±S.E.M. (*n*=3/group; 6/group in the MTT assay). \*\**P*\<0.01 *versus* each respective control. ^\#\#^*P*\<0.01 *versus* each respective glutamate group, one-way ANOVA](cddis2014123f8){#fig8}
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